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The signal and idler photons produced by parametric down-conversion (PDC) are entangled in several different degrees of freedom including time and energy, position and momentum, and angular position and orbital angular momentum (OAM). Entanglement of the two photons in a given degree of freedom gives rise to two-photon coherence in the corresponding domain, which manifests itself as two-photon interference in that particular domain. Several two-photon interference effects have been observed in the temporal [1] [2] [3] [4] [5] and spatial [6] [7] [8] domains. These effects have been used to test the foundations of quantum mechanics [9] [10] [11] and are central to many applications as well [12] [13] [14] .
The existence of a Fourier relationship between angular position and OAM gives rise to angular interferenceinterference in the OAM-mode distribution of a photon field when it passes through an angular aperture [15] [16] [17] [18] . Angular Fourier relationship in the context of angularposition-OAM entanglement leads to two-photon interference in the angular domain [19] [20] [21] . In this Letter, we study angular two-photon interference in a scheme in which entangled photons are made to pass through apertures in the form of double angular slits and, using this scheme, we demonstrate an entangled two-qubit state that is based on the angular-position correlations of the downconverted photons. Entangled two-qubit states are the necessary ingredients for many quantum information protocols [12] [13] [14] , and they have previously been realized by exploring the correlations of entangled photons in variables including polarization [22] , time bin [4, 5] , frequency [23] , position [7, 8] , transverse momentum [24, 25] , and OAM [19] [20] [21] ; however, to date, the angular-position correlations had not been utilized. Therefore, the results presented here not only demonstrate two-photon coherence effects in the angular domain but also provide an additional means for preparing entangled quantum states.
Let us consider the situation shown in Fig. 1(a) .A Gaussian pump beam produces signal and idler photons by type-I degenerate PDC with noncollinear phase matching. The state jc tp i of the down-converted two-photon field is given by [26, 27] : Here s and i stand for signal and idler, respectively, and jli represents an OAM eigenmode of order l, corresponding to an azimuthal phase e il . jc l j 2 is the probability that the signal and idler photons are generated in modes of order l and Àl, respectively. The width of this mode probability distribution is referred to as the spiral bandwidth of the two-photon field [28] . The signal and idler photons are made to pass through double angular slits [as shown in Fig. 1(a) ] located in the image planes of the crystal. The amplitude transmission functions of the individual angular slits are given by
where j ¼ s, i. There are, in principle, four alternative pathways-represented by the two-photon path diagrams [3] of Fig. 1(c) -by which the down-converted photons can pass through the apertures and get detected in coincidence at detectors D s and D i . In alternative 1 (4), the signal photon passes through slit A sa ðA sb Þ and the idler photon through slit A ia ðA ib Þ. In alternative 2 (3), the signal photons passes through slit A sa ðA sb Þ and the idler photon through slit A ib ðA ia Þ. We represent the states of the signal and idler photons in alternatives 1, 2, 3, and 4 by jsaijiai, jsaijibi, jsbijiai, and jsbijibi, respectively. Because of the strong position correlations of the two photons in the image planes of the crystal, only alternatives 1 and 4 have appreciable probabilities. Therefore, the density matrix of the two-qubit state thus prepared can be written in the angularposition basis fjsaijiai; jsaijibi; jsbijiai; jsbijibig as: 
where A is the normalization constant to ensure that hiajhsajsaijiai¼1. We evaluate jsaijiai by substituting for A sa ð s Þ and A ia ð i Þ from Eq. (2). In a similar manner, we evaluate jsbijibi by substituting from Eq. (3 (2)- (5), we find that
The interference between the two alternatives manifests itself in the periodic dependence on the angular separation and on the sum of the OAMs l s þ l i . From Eq. (6), ignoring the effects due to diffraction envelopes, the visibility V of the coincidence fringes can be seen to be
The entanglement of a general two-qubit state can be characterized in terms of Wootters' concurrence [29, 30] , which ranges from 0 to 1, with 1 corresponding to the maximally entangled two-qubit state and 0 to a nonentangled state. To calculate concurrence, we write the density matrix in the full 4 Â 4 form. The concurrence C is then given by C ¼ maxf0; 1 À 2 À 3 À 4 g. Here the i s are the (positive) eigenvalues, in descending order, of the operator R where
being the Pauli operator and Ã the complex conjugate of . For the density matrix of Eq. (4), which has only two nonzero diagonal elements, the concurrence C is
Comparing Eqs. (7) and (8), we see that the concurrence is equal to the visibility of angular two-photon interference fringes.
In the setup of Fig. 1 , the pump is a frequency-tripled, mode-locked, Nd-YAG laser (Xcyte) with a pulse repetition frequency of 100 MHz at 355 nm. SLM denotes a spatial light modulator from Hamamatsu, SMF a single mode fiber, and F an interference filter with 10-nm bandwidth, centered at 710 nm. The 400 m diameter Gaussian pump beam was normally incident on a 3-mm-long crystal of beta barium borate, phase matched for frequency degenerate type-I down-conversion with a semicone angle of the down-converted beams of 3.5
. We note that for the given pump beam and phase-matching parameters, the conservation of OAM is strictly obeyed in the down-conversion process [31] . The crystal plane was imaged, with a magnification of about 5, onto the SLM planes, which were PRL 104, 010501 (2010) PHYSICAL REVIEW LETTERS week ending 8 JANUARY 2010 010501-2 then imaged onto the input facets of the SMFs with a demagnification of about 380. The SLMs were used for two purposes as illustrated in Fig. 1(b) . One, they were used for selecting out OAM modes [32] ; and two, they were used for simulating amplitude apertures [33] described by Eqs. (2) and (3) .
First of all, without any apertures, the mode probabilities jc l j 2 were measured. Figure 2 shows the measured coincidence counts plotted against l, with signal and idler photons being detected in modes of order l and Àl, respectively. The mode probabilities jc l j 2 were calculated by normalizing the counts of Fig. 2 .
Second, we verify the preparation of the two-qubit state as represented by Eq. (4). Coincidence counts were measured with only one of the signal and one of the idler slits (with ¼ =10 and ¼ =4) being displayed on the SLMs and with both signal and idler photons being detected in modes of order 0. Figure 3(a) shows the measured coincidence detection probabilities of the signal and idler photons in the four different alternatives. We find that the probabilities 22 and 33 are negligibly small, showing that the two-qubit state prepared in our experiment resembles the state represented by Eq. (4) to a very good approximation. Therefore, as shown by Eq. (9), the entanglement of the prepared two-qubit state can be characterized by measuring the visibility of two-photon interference fringes in the OAM basis.
Next, measurements were made in the OAM basis. Both signal and idler slits, with ¼ =10 and ¼ =4, were displayed on the SLMs. SLM i was adjusted to successively select out two different idler OAM modes: l i ¼ 2 and l i ¼ À2. For each selected idler mode l i , coincidence counts were measured as a function of the signal OAM mode l s . Figure 3(b) shows the coincidence counts plotted against l s for two different values of l i . The solid dots are theoretical fits based on Eq. (6), using the values of jc l j 2 calculated from Fig. 2 . The visibility of the two-photon fringes is 92.8% (96.3%, after correcting for random coincidences), within 2% experimental error. Thus, using Eq. (9), we find that the concurrence of the prepared two-qubit state is 0.928 (0.963, after correcting for random coincidences).
However, as 22 and 33 are not precisely zero in our experiment, it is desirable to quantify the error in the above estimation of concurrence. Although a precise error calculation requires knowledge of all of the 16 different terms of the two-qubit density matrix and is beyond the scope of this Letter, a realistic estimation can be obtained by modeling the probabilities 22 and 33 as a small amount of noise in the two-qubit density matrix in Eq. (4) Figs. 3(a) and 3(b) , we find that the concurrence C ðcÞ of the prepared two-qubit state is 0.875 (0.929, after correcting for random coincidences), which differs from the value obtained from Eq. (9) by about 6% (4% after correcting for random coincidences).
Finally, to test the applicability of our method, we perform a series of experiments with various values of slit separation . Figure 4 shows the measured coincidence counts as a function of l s for four different values of : =6, =4, =2, and . The high visibility (between 85% to 92%, without correcting for random coincidences) of these plots shows that the angular-position correlations of the signal and idler photons are almost uniform over the entire range of 2 radians and that the method is applicable over a wide range of values.
In conclusion, we have studied two-photon interference in the angular domain and have reported experimental demonstrations of an entangled two-qubit state that is based on the angular-position correlations of the entangled two-photon field. These results provide an additional means for preparing entangled two-qubit states and constitute a step towards better understanding angularposition-OAM entanglement [26] [27] [28] and thus towards finding novel ways of utilizing OAM basis for quantum information science [19] [20] [21] 32, 34] . We believe that the method presented in this Letter can be easily generalized for preparing entangled two-qudit states, using apertures with d angular slits. 
